Introduction
Fibromyalgia syndrome (FMS) is a chronic and often debilitating condition that is characterized by persistent fatigue and widespread pain. 1 Females are more at risk than men in developing FMS. 2 Diagnosis relies on patients' report of symptoms and the criteria that define the condition have been repeatedly changed over the years. 3 Currently, there is no consensus on any definitive prognostic or diagnostic biomarker for FMS. It is generally accepted that the etiology of the condition involves a combination of genetic and environmental factors.
The subjective nature of the diagnostic criteria for FMS often makes an accurate and timely diagnosis of the condition a difficult task to achieve. In the absence of any measurable physiological change, clinicians must base their diagnosis on their patient's self-reported symptoms, which often leads to misdiagnosis. There have been numerous studies that have attempted to locate a biological marker that can predict the risk of development or receipt of a definitive diagnosis of FMS. [4] [5] [6] [7] Presently, there is still no accepted marker that can reliably replace or complement patient symptom reports.
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lukkahatai et al A previously published novel analytical algorithm identified functional groups of genes based on their differential expression prior to radiation therapy that identified individuals at risk of developing fatigue during radiation therapy. 8 These groups of genes were then ranked according to their expression levels and predictive power to identify patients at risk for developing clinically significant fatigue related to radiation therapy for cancer. This analytical algorithm not only allows us to identify individuals at risk for specific conditions, but it may give insight into functional pathways that underpin these conditions.
The systemic nature of the FMS suggests that a single gene is most likely not the sole determining factor for this condition; it is more likely that there is a synergistically working group of genes contributing to the symptoms of FMS. This study utilized the aforementioned predictive analytical algorithm to identify a group of genes, based on their differential expression, that can discriminate individuals with the FMS diagnosis using 1990 or 2010 criteria from healthy controls. The study identified the functional pathways of the genes that have high discriminatory ability that may have a role in FMS.
Materials and methods study design, ethical standards, and clinical population
This is a reanalysis of previously published differentially expressed genes observed in women with FMS. 5 That cohort was part of an institutional review board (IRB)-approved Medstar Health Research Institute protocol and included women who met the following criteria: 1) aged 18 years or older and 2) having an FMS diagnosis (either the 1990 or the 2010 American College of Rheumatology criteria) after a physical assessment by a rheumatologist. All participants were referred to the study for evaluation of FMS from community physicians, and their primary complaints were pain. These participants were also assessed for FMS-associated symptoms such as anxiety, irritable bladder, irritable bowel, pelvic pain, vulvodynia, headache, chest pain, and paresthesia. Many of the participants also met Fukuda criteria for ME/CFS.
Healthy women who were used as age-and racematched controls for FMS participants were enrolled from a National Institutes of Health (NIH), IRB-approved protocol (NCT00888563). These healthy volunteers were excluded if they carried any pathologic clinical diagnosis, had pain and fatigue, had worked late evening and/or night shifts within the past month, had a severe psychiatric condition, were pregnant or lactating, reported consuming >300 mg of caffeine-containing beverages or >1 lb of chocolate a day, reported consuming >2 servings of alcohol-containing beverages every day, or had a detectable blood-alcohol content.
Written informed consents were obtained from all participants before administering study measures. All study measures were completed in 1 outpatient clinic visit.
Measures
Polysymptomatic distress syndrome in FMS was measured by the Widespread Pain Index (WPI) and Symptoms Severity Scale (SSS). 9 WPI measures the number of bodily areas (total =19) where participants experienced pain over the past week. SSS is a 4-item, 0-3 rating scale (total =12) used to measure severity of unrefreshed waking, cognitive problems, fatigue, and other somatic symptoms (eg, irritable bowel syndrome, numbness/tingling, dizziness, constipation, nausea). Higher scores for both instruments indicate widespread painful bodily locations and more severe symptoms, respectively. 9 The WPI and SSS have been validated in previous studies and are currently used as part of the 2010 FMS diagnostic criteria. 10 The number of tender points reported (conducted by applying <4 kg on 18 bodily areas) and participant's pain threshold (average kilogram tolerated on the 18 bodily areas) were measured using a portable dolorimeter, a reliable tool to measure tenderness in FMS. 11 These measures are consistent with the 1990 FMS diagnostic criteria. 12 Pain intensity (4 items) and pain interference (7 items) were measured using the Brief Pain Inventory-Short Form (BPI-SF), which has a numeric rating scale of 0 or no pain/ interference to 10 or pain as bad as you can imagine/complete interference. 13 The internal consistency of the BPI-SF as measured by Cronbach's α for pain intensity is 0.88 and 0.87 for pain interference. 14 
Discriminatory algorithm development and pathway analysis
A previously published predictive algorithm identified genes that discriminated fatigue from nonfatigue subjects, based on the differential expression of raw microarray transcripts from whole-blood RNAs collected from subjects before and during radiation therapy for nonmetastatic prostate cancer. 8 Using the same predictive algorithm, this study used fold-change differential (FC) and Fisher's ratio (FR) of raw microarray gene expression data from PBMC RNAs of FMS subjects and age-and gender-matched healthy controls to generate a reduced base of most discriminatory genes (learning phase). With 1% tail of FC (over-and underexpressed genes), we selected a final set of 897 highly discriminatory probes with FC in the intervals of -3.88, -0. 29 
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Predictive genes for fibromyalgia diagnosis
The genomic probes were then ranked by decreasing discriminatory power as measured by their FR. With 2 bioinformaticians (EDAG, JLFM), who were blinded to the diagnosis (FMS vs healthy control) of the sample, the discriminatory accuracy of the genes was established via leave-one-outcross-validation (LOOCV) to estimate how accurately the model (classifier) correctly identified individuals with FMS from healthy controls. LOOCV is a well-established method in which a single sample from the original dataset serves as the validation data (sample test) and the remaining samples as training data. The class assignment is based on a nearestneighbor classifier (k-NN) in the reduced set of genetic probes, that is, the class with the minimum distance in the reduced base to the sample test is assigned to the sample test. The average LOOCV discriminatory accuracy is calculated by iterating over all the samples. This algorithm serves to find the small-scale signature with the highest discriminatory accuracy. To analyze the stability of the minimum-scale signatures, a set of 10,000 random 75/25 hold-out simulations were performed. This methodology serves to analyze the stability of the accuracy of this small-scale signature at diagnosis. Ingenuity Pathway analysis (Ingenuity® Systems, www.ingenuity.com, Redwood City, CA, USA) identified the functional networks of the discriminatory genes. Hold-out sampling based in bootstrapping was applied to identify the functional pathways related to the differentially expressed genes.
Results
Demographic and clinical characteristics of sample
The original study 5 enrolled 28 women with FMS (42.9±6.9 years old) and 19 age-matched healthy controls (39.9±7.4 years old). The mean body mass index (BMI) of women with FMS (25.2±5.0) was slightly lower than the mean BMI of the healthy volunteers (26.8±6.1). Women with FMS reported higher pain intensity (4.4±1.9) and pain interference (4.7±2.8) than healthy controls (pain intensity =1.1±1.3; pain interference =0.0±0). Based on American College of Rheumatology diagnostic criteria, the women with FMS reported widespread tenderness with an average tender-point score of 14.6±3.5 of 18 bodily sites. They also reported moderate-tohigh fatigue (2.2±0.9 of 3), unrefreshed waking (2.2±0.8 of 3), and a moderate number of somatic symptoms (2.0±0.7 of 3) ( Table 1 ). The medications used by the study participants are also described in Table 2 .
The shortest list with the highest discriminatory accuracy was composed of 57 genes (minimum-size signature). Table 3 shows a list of these discriminatory genes ranked in decreasing FR, their associated FR and mean LOOCV accuracy. MRPL4 and SLC38A were the 2 genes whose differential expressions gave the highest accuracy in discriminating FMS subjects from healthy controls at 85.11%. The probe index that guided the selection of these 57 discriminatory genes is described in Figure 1 . The stability analysis of the small-scale signature is shown in Figure 2 . It can be concluded that the minimum-scale signature is quite stable since the median discriminatory accuracy is very close to the LOOCV accuracy.
associated functional pathways
The top 3 canonical pathways that are associated with the discriminating genes are related to hepatic fibrosis/hepatic stellate cell activation, oxidative phosphorylation, and airway pathology in COPD (Figure 3) . The Akt pathway, also known as protein kinase B pathway, was the main pathway in the first network that connected the discriminatory genes ( Figure  4A ). The NF-kB signaling pathway was the main pathway that connected all the discriminatory genes in the second network ( Figure 4B ). The third network was dominated by proinflammatory cytokines such as interferon α, interferon β, and IL-12 ( Figure 4C ).
Discussion
This is the first study that attempted to utilize a predictive algorithm using FC, FR, and LOOCV to identify a list of genes that can discriminate individuals with FMS diagnosis from healthy controls. The study used a novel algorithm to advance our initial search for a potential prognostic or diagnostic biomarker for FMS, with the goals to advance our understanding of the biologic underpinnings of FMS and to strategically plan for future investigations.
The study participants with FMS had similar pain and fatigue scores as previously reported in studies involving FMS women. 15, 16 However, the FMS cohort enrolled in this study had lower BMI compared to the healthy controls, which conflicts with a previous report. 17 This observation suggests that the FMS participants in this study may represent a different subpopulation of FMS patients or may be related to the geographic catchment of the patients. Metro Washington DC, where the study participants came from, tends to have a lower BMI than other regions of the United States. 18 Future studies should explore the influence of BMI in identifying predictive markers for FMS. The downregulation of MRPL4 and SLC38A highly discriminated individuals with FMS from healthy controls using this novel predictive algorithm. MRPL4 or the mitochondrial ribosomal protein L4 gene encodes mitochondrial ribosomal proteins that help in protein synthesis within the mitochondrion. 18 A prior report showed reduced mitochondrial chain activities and bioenergetic levels with increased Table 3 . Abbreviation: LOOCV, leave-one-out-cross-validation. 
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Predictive genes for fibromyalgia diagnosis 19, 20 A previous report observed similar differential expressions of MRP and SLC genes in patients with chronic fatigue conditions (chronic fatigue syndrome, cancer, and HIV patients) compared to matched controls. 21 Our finding suggests that downregulation of MRPL4 may diminish mitochondrial chain activities by reducing the synthesis of ribosomal proteins within the mitochondria, contributing to the symptoms (eg, pain, fatigue, and depression) experienced by individuals with FMS similar to what was found in a previous review.
22
SLC38A or sodium-coupled neutral amino acid transporter encodes several proteins that are involved with uptake of nutrients, production of energy, chemical metabolism, detoxification, and neurotransmitter cycling. 22 For example, one of the proteins it encodes is SLC38A1, an important Notes: Minimum small-scale list of genes/probes providing the highest LOOCV discriminatory accuracy at 85.11%. C1 stands for women with FMS and C2 for healthy controls. The mean (μ1, μ2) and the sD (σ1, σ2) of the expressions of these genes in both groups (FMS and controls) are shown, as well as the LOOCV accuracy (Acc [%]) of the genes when genes were added to the equation one at a time. Overexpression implies that the average expression of a particular gene from the FMS cohort is higher than the expression of that gene in the healthy cohort (underexpression means the opposite direction of expression). It can be observed that all the genes in this minimumsize signature are underexpressed. Abbreviations: FC, fold-change differential; FMS, fibromyalgia syndrome; FR, Fisher's ratio; LOOCV, leave-one-out-cross-validation. Notes: This figure shows the CDF of the discriminatory accuracy obtained after 10,000 random 75/25 hold-out simulations. It can be observed that the median accuracy (percentile 50) is around 83%, with the lower and upper quartiles being 75% and 92%. The minimum and maximum discriminatory accuracies achieved were 50% and 100%. Therefore, it can be concluded that the minimum-scale signature is quite stable to the partial lack of data since the median discriminatory accuracy is very close to the LOOCV accuracy. This numerical experiment serves to analyze the discriminatory power of this small-scale signature at diagnosis. Abbreviations: CDF, cumulative distribution function; LOOCV, leave-one-out-cross-validation.
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Predictive genes for fibromyalgia diagnosis transporter of glutamine. 23, 24 Glutamine is a precursor of an excitatory synaptic neurotransmitter, glutamate. 24 Glutamate has been reported to play an important role in fatigue and depression, 25, 26 prominent symptoms reported by FMS patients. A recent review describes an association of increasing cerebral glutamate levels with dysregulation of pain processing in the central nervous system of FMS patients. 27 The downregulation of SLC38A may reduce the concentration of sodium-coupled neutral amino acid transporters reducing the transport of glutamine in synapses contributing to the fatigue, pain, and depressive symptoms reported by individuals with FMS.
The Akt pathway was one of the major pathways that was associated with the discriminatory genes. The Akt pathway regulates several events such as apoptosis, protein synthesis, cell proliferation, and energy metabolism that have been associated with symptoms reported by FMS patients. [28] [29] [30] [31] The direct upstream kinase responsible for activating the Akt pathway is the PDK. 32 During the winter season, animal hibernators have a markedly suppressed mitochondrial activity through the reduction of oxidative phosphorylation and inhibition of PDK. 33, 34 During the active state in the summer, there is increased expression of PDK in skeletal muscles and white adipose tissues of animals, 35, 36 suggesting the role of the Akt pathway through PDK in fuel utilization and metabolic suppression. Our findings showed downregulation of these discriminatory genes that are associated with the Akt pathway suggesting attenuation of metabolic rate may have a role in FMS.
The other 2 functional pathways, NFκB signaling pathway and the proinflammatory cytokines, signal the potential role of inflammation in FMS. A recent finding revealed the evidence of systemic inflammation and neuroinflammation in the plasma and cerebrospinal fluid of FMS patients. 37 Our findings revealed downregulation of the FMS discriminatory genes that are associated with inflammation, such as interferon α ( Figure 4C ). Our previous study showed that interferon signaling and interferon regulatory activation factor pathways distinguished FMS patients with varying pain levels. 38 This finding suggests that the discriminatory genes The aim of this paper was to conduct an exploratory attempt to show that the previously published novel predictive algorithm can potentially generate a list of genes that can discriminate, based on their differential expression, FMS patients from healthy individuals. We have forgone a multiple-comparisons correction, because the differential expression of many of the genes are influenced by each other or by common upstream signaling pathways. Thus, we would expect to see many rise and fall in tandem, and their measurements should not be treated as independent variables. In fact, this interdependence may be what leads to clustering of the symptoms experienced by FMS patients. 
2989
Follow-up studies are warranted to address several limitations of the study. There is a very high likelihood that the list of genes generated in this study maybe artifacts of over training on a single cohort of a small number of patients. For the findings to have clinical and diagnostic utilities, the predictive genes must be validated in a larger, independent cohort of patients with FMS. Further, future studies should account the overlap of FMS and ME/CFS diagnoses in the symptom presentation of study participants and for the presence of other medical comorbidities. In addition, the selected differentially expressed genes were obtained from raw microarray data, basing on our previous finding that using raw microarray data can better generate genetic signatures that are associated with functional pathways that are a priori known for specific medical conditions. 39 Future studies should consider using preprocessing techniques, such as Robust Microarray Average, to determine if similar discriminatory genes can be identified.
Conclusion
Our results do not have any clinical implications as presented and may not hold up to more extensive field testing; however, this study will be used to inform future biomarker studies. The study findings can initiate the investigation of functional pathways that may play a role in FMS and the development of a potential prognostic or diagnostic tool for FMS.
Significance and innovation
• This is the first study to employ a novel predictive mathematical algorithm to analyze gene expression data.
• The result revealed potential significant roles of Akt pathway, NFκB signaling pathway, and the proinflammatory cytokines in discriminating individuals with FMS from healthy controls.
